tical with those of the wild-type enzyme, with 342 ␣-carbon atoms showing rms deviations of 0.18 and 0.26 Å using a threshold of 2 Å . Like mature kumamolisin, E32A and W129A catalytic domains essentially consist of a central eight-stranded parallel ␤ sheet, flanked by eight helices and a few short strand pairs arranged on both sides (as shown for the catalytic domain of prokumamolisin in Figure 2B [Comellas-Bigler et al., 2002] ). Helices h3 and h6, carrying the active site residues Glu78e/Asp82e and Ser278e (see Figure 2A) , respectively, are mostly buried inside of the hydrophobic core, while the other helices, in particular helices h4 and h5 contacted by the prodomain (see Figures 2B and 2C) , are mostly exposed at the molecular surface. The single ward the front in Figures 2B and 2C) , which accommodates the substrate binding region and the active site residues. In the wild-type enzyme, a network of unusually short hydrogen bonds connects the catalytic and crystallized a Ser278Ala pro-kumamolisin mutant Ser278e O␥ atom via the carboxylic acid groups of and determined its X-ray crystal structure at high resolu-Glu78e, Asp82e, and Glu32e with the indole moiety of tion. The structure reveals that the kumamolisin propep-Trp129e, making it more nucleophilic. In the E32A mutide is folded in a compact structure resembling the tant, the main chain is virtually unchanged compared prodomains of the pro-subtilisins and of the PCs, not with native kumamolisin, even in the catalytic center only with respect to the overall fold but also to the ( Figure 3A) . The absence of the Glu32e side chain gives interaction with the catalytic domain. The linker peptide rise to an intramolecular cavity occupied by a solvent between the prodomain and the catalytic domain runs molecule (Wat17), which hydrogen bonds to both the through the active site cleft in a substrate-like manner, Asp82e carboxylic acid (O␦1) and the Trp129e indole with the His171p-Phe172p peptide bond docked close nitrogen (N⑀1). The latter indole moiety adopts two to the normally reactive but here mutated Ser278e→Ala slightly different conformations, allowing only one of residue. This structure is the first atomic model of an them to form a favorable hydrogen bond to the fixed uncleaved full-length pro-subtilase, which in addition water molecule. The side chain of the catalytic Ser278e displays the exact interaction geometry of a peptide oscillates between two different positions, a first one substrate with the active site cleft. The structure directly where the O␥ atom still can hydrogen bond to the unshows that the first activation step is not only autocatachanged Glu78e carboxylic acid O⑀1 atom, and a second lytic but occurs intramolecularly, and represents thus a one directed toward the interior of the catalytic domain prototype for the whole subtilase superfamily, including i.e., away from Glu78e O⑀1. Therefore, the reduction in the proPCs. activity indeed seems to be mainly caused by the lack of the Glu32e carboxylate group preventing formation Results of an optimal proton shuttle. The bound water molecule that replaces this carboxylate group seems to partially Structures of the E32A and the W129A mimic it, possibly explaining the remaining catalytic ac-Mutants of Kumamolisin tivity of this E78A mutant (Table 1) . As shown in Figure 1 , the kumamolisin mutants E32A
The active site region of the W129A mutant, which and W129A, with single residue replacements of Glu32e retains 3.8% of the original hydrolytic activity (Table  and Trp129e (see Figure 2A ) by Ala residues, represent 1), shows more drastic changes compared to native single-chain molecules with the same apparent molecukumamolisin ( Figure 3B ). The main chain segment lar weight (Figure 1 ) and similar CD spectra as the mature Ile127e-Gly131e, lacking the bulky Trp side chain, devienzyme (data not shown). However, their catalytic activates directing the Ala129e side chain away from the ity/specificity constant toward the peptide-like subcatalytic triad, while the hydrogen bond pair between strate Lys-Pro-Ile-Ala-Phe*Nph-Arg-Leu is reduced to both Asp179e carboxylate oxygens and the Gly130e and 5.7% and 3.8% of the native enzyme, respectively (Table  Gly131e amide nitrogens is essentially maintained. 1) (H.O. and K.O., unpublished data). Both mutants crys-These structural changes and the loss of a hydrogen tallize isomorphously with the previously reported bond donor (Trp129e) do not affect the positioning of monomeric form A of wild-type kumamolisin (Comellasthe side chains of Glu32e and Asp82e. However, these Bigler et al., 2002) ( Table 2) . Consistent with the low structural rearrangements cause the Glu78e side chain (35% v/v) solvent content, the proteinase molecules are to adopt multiple conformations (see the omit density in likewise tightly packed. The polypeptide chains defined Figure 3B ), resulting in the Ser278e side chain switching from the N-terminal Ala1e up to Pro357e are, except between the native and an alternate conformation. Thus, the lack of Trp129e and the consequent structural residues 127e-132e in the case of W129A, virtually iden- changes primarily seem to cause the reduction of activ-exception of the first four N-terminal residues, a virtually identical structure, in agreement with an rms deviation ity in the W129A mutant. of 0.47 Å for 350 ␣-carbon atoms (using a threshold of 2 Å ). Accordingly, the catalytic domain is virtually Overall Structure of Pro-Kumamolisin To prevent autoactivation, pro-kumamolisin had been prefolded within the proenzyme. Small but significant differences are detectable in the loop Glu70e-Pro75e prepared and crystallized as an inactive mutant, with the catalytic Ser278e replaced by an Ala residue. This encompassing the S1Ј cavity, and in two loops (Pro101e-Asp104e and 134Aspe-Ala137e) in the interface toward single-chain proenzyme, virtually lacking any hydrolytic activity (Table 1) , crystallized in a different space group the prodomain, where the peptide linker enters the active site cleft. The prodomain essentially packs along the (R32) than the catalytic domain (see Table 2 ). As shown in Figures 2B and 2C entation, Figures 2B and 2C) toward the front and toward teinases (Bode and Huber, 1992) ( Figure 5; Table 3 ). Thus, the conformation of the P3 and the P2Ј residue is the back of the molecule, respectively. The front-sided that typical for parallel/antiparallel ␤-pleated sheets, the three-stranded multiple-turn appendix comprising the P2 and the P1Ј residues have the conformation of a antiparallel strands ␤2, ␤8, and ␤7 packs against the polyproline II helix, and the P1 residue attains the conforlinker up to Pro166p, bordering the active site cleft (Figmation of a 3 10 helix. ure 2C). The back-sided core appendix, on the other The P5-side chain of Val167p slots into the shallow hand, consists of the two-and the three-turn helices ␣2 S5 subsite formed by the side chains of Trp136e and and ␣3, which are connected by an exposed multiple-Phe107e together with the Thr103e-Asp104e main chain. turn loop. These helices are arranged in a V-shaped
The P4-Ala168p residue, hydrogen bonded through its manner along the catalytic domain surface framing helix amido nitrogen and carbonyl functions with the side h5. The sequence homology of the propeptides is quite chain of Asn102e, sits deeply in the hydrophobic S4 low among the sedolisins known so far. It is worth noting pocket formed by the side chains of Phe107e, Leu33e, that a short segment of relatively strong similarity exists and Trp129e, with its ␤-methyl group extending below between kumamolisin, sedolisin, and CLN2, mapping to an eyelid-like protrusion formed by the side chain of the last three regular secondary prelinker elements ␤9, Asn102e ( Figure 5A) . proteinase complexes ( Figure 5B ). Due to lack of the O␥ parts of Glu78e and Leu81e and main chain segment 73e-78e ( Figure 5A) . The P2Ј-Arg173p main chain is hydroxyl in this S278A mutant, there is no direct contact between the "catalytic" residue Ala278e and this P1-P1Ј clamped to the Gly275e main chain via two hydrogen bonds, while its side chain extends along a surface peptide bond. However, the O␥ atom of a superimposed Ser278e residue would be only 2.3 Å distant from the groove bounded by Pro259e, Gly214e, and Gly215e. The distal guanidyl group of Arg173p forms one hydrogen His171p carbonyl carbon, i.e., ready to attack the scissile bond. The P1Ј side chain of Phe172p nestles into bond to the Asp213e carbonyl oxygen. The P3Ј-Leu174p side chain inserts into a large hydrophobic surface the large S1Ј groove, flanked by the aliphatic side chain pocket delimited by residues Pro72e and Asn73e and by the side chains of Ile267, Thr272, and Ile274. P4Ј- Thr4e (see Figure 2B) , form a wide loop, which expands site triad consisting of a Ser278e, a Glu78e, and an Asp82e residue. It seems to be unique, however, in that that also in pro-kumamolisin the prodomain stabilizes (by interacting with helices h4 and h5) a folding intermethe catalytic Asp82e further hydrogen bonds to a diate of the catalytic domain. In the subtilisins, such Glu32e-Trp129e pair. In this study, we have tried to anaan intermediate is required in the late folding pathway lyze the role of both residues. The replacement of either toward the correctly folded catalytic domain, to overof these residues by Ala resulted in a significant reduccome a high-energy barrier considered to be the price tion in the catalytic activity/specificity constant (Table  to be paid for the extreme stability of the mature enzyme 1), suggesting that both residues are not essential, but (Eder and Fersht, 1995) . In the pro-subtilisins, this refoldnevertheless have some importance for proton shuttling ing resistance of the mature peptidase has been shown during catalysis. However, structure analysis reveals to be associated with the first calcium site of subtilisin that these mutations induced, in addition to the side (Strausberg et al., 1995) (see Figure 2B) . Therefore, an chain replacement, perturbations in the local environequivalent association of the refolding kinetics with forment. The lack of the Glu32e side chain caused the mation of the single calcium site in the sedolisins will catalytic Ser278e to adopt (besides the wild-type conhave to be investigated in the future. formation) a second presumably inactive nonnative con-In addition, the current pro-kumamolisin structure diformation. The built-in Wat17 molecule replacing the rectly proves that the catalytic domain has adopted a Glu32 carboxylate group might, on the contrary, allow mature-like conformation already in the proform, and a partial reformation of the wild-type constellation (see that the linker extends through the active site cleft such Figure 3A) . The active site disturbance caused by the that it first will be autocatalytically cleaved at His171premoval of the Trp129 side chain in the W129A mutant, Phe172p, i.e., via an intramolecular attack. Both the in contrast, has much more dramatic structural effects linker chain and the active site cleft are quite complein the active site as well as at the anchoring segment mentary, so that this structure mimics an efficient kuma-Ser128e-Gly131e. The residual activity of this mutant, molisin-substrate complex, with a typical substrate also manifested itself in the self-activation of the cleavage conformation, presumably not disturbed by proW129 mutant and the further degradation of the prothe small Ser278→Ala replacement (see Carter and peptide, again shows that this Glu32e-Trp129e pair is Wells, 1988). It is noteworthy that the cleavage sequence not essential for the activity of kumamolisin. In concluaround the scissile peptide bond agrees well with the sion, we believe that in wild-type kumamolisin the tightly known cleavage preference of kumamolisin ( Presumably, the first cleavage product upon pro-Less ambiguous is the interpretation of the pro-kumakumamolisin processing will be the inactive complex molisin structure: in spite of a very low (10%) sequence between the N-terminally elongated catalytic kumamoliidentity of topologically equivalent residues, the core of sin domain and its propeptide down to His171p. The its prodomain resembles (besides the prodomains of common migration in the cleaved pro-W129A mutant the zinc pro-carboxypeptidases) the prodomains of the during gel filtration (data not shown) proves that the pro-subtilisins and of the pro-protein convertases (see propeptide and the catalytic domain of the initially Figure 4) , and in a similar manner docks to an equivalent cleaved pro-kumamolisin, analogous to the subtilisins site of the catalytic domain. This structural similarity (Ikemura and Inouye, 1988) , and to furin (see Anderson between these latter Ser-His-Asp subtilases and the et al., 2002), form a complex, with the propeptide pre-Ser-Glu-Asp-equipped sedolisins is a further indication sumably acting as a competitive inhibitor. As suggested of divergent evolution from common ancestors. Acby the slow dissociation of our prodomain-W129A comcording to newly acquired full-length sequences, other plex (in the acidic crystallization buffer used, see Experisedolisins seem to exhibit this pro-enzyme structure as mental Procedures), the heterodimeric complex (maybe well. However, the relationships between both proteinfacilitated by acidification or upon additional cleavage[s] ase superfamilies are even closer. Work on sedolisin within the compact prodomain as observed in the other (Oda et al., 1994) has shown that its propeptide (and subtilases) will dissociate releasing the active, N-terprobably that of kumamolisin) as that of the subtilisins minally elongated enzyme. Because mature kumamoli- and the PCs (Bhattacharjya et sin is found to start with Ala1e, the exposed, flexible al., 2001) is required for efficient refolding, presumably linker part between Ser188p and Ala1e must be further acting like a chaperonin as well. In the absence of more truncated, presumably not catalyzed by active kumamolisin, due to the nonmatching specificity. detailed kinetic measurements, we can only presume solution (11.6 mg/ml kumamolisin in 25 mM sodium chloride, 12.5
In conclusion, this pro-kumamolisin structure is the MOPS, pH 7.0) and 1 l of the reservoir buffer (1.4 M tri-sodium first crystal structure of an intact pro-subtilase, and citrate dihydrate, 0.1 M HEPES-Na, pH 7.5). After 1 week at 20ЊC, therefore presumably a structural prototype for the the crystals reached a final size of 0.4 ϫ 0.2 ϫ 0.2 mm 3 in the case whole subtilase superfamily. Thus, this structure not of full-length S278A and of 0.2 ϫ 0.05 ϫ 0.05 mm 3 in case of E32A only has wider implications for the microbial and mamand W129A. malian sedolisins, but for the subtilisins proper and for furin and the other pro-protein convertases as well.
Data Collection and Refinement
All crystals were soaked for 10 s in the cryobuffers containing 25% (v/v) glycerol before freezing them in a nitrogen stream at 100 K Experimental Procedures (Oxford Cryosystems Cryostream). High-resolution data to beyond 1.2/1.3 Å resolution were collected for all kumamolisin mutants at the Plasmids, Expression, and Purification The E32A, W129A, and pS278A plasmids were constructed by PCR DESY BW6 beamline (Deutsches Elektronen Synchroton, Hamburg, Germany) at a wavelength of 1.050 Å . mutagenesis of the pro-kumamolisin pS3-A1 plasmid similar as described previously (Oyama et al., 2002) . After transformation, the Indexing and integration of the diffraction data was carried out with DENZO (Otwinowski and Minor, 1997) . The data were merged, E. coli JM109 cells were cultured in ampicillin-containing super broth at 30ЊC, before protein expression was induced with IPTG. The scaled, and truncated using programs supported by the Collaborative Computational Project No. 4 (CCP4, 1994) . All structures were washed cells were disrupted and the resultant suspension was centrifuged. For the E32A and the W129A mutants, the supernatant was solved by molecular replacement using the program suite AMoRe (Navaza, 1994) Pro357e. In all structures, a single Ca 2ϩ ion coordinated by six ligands is observed, refining with full occupancy. An additional elec-W129A mutant (see Figure 1) .
The S278A pro-kumamolisin mutant, comprising residues Ser2p tron density near Gly200 is interpreted as a sulfate ion in both catalytic domain structures. During the final steps of refinement, two to Pro364e, was eluted from a DEAE-Cellulose column in buffer E (50 mM acetate buffer, pH 5.5, containing 5 mM CaCl 2 ) by a linear alternative conformations were identified and built for a few side chains in all three structures. The main chain angles, calculated with gradient from 0 to 0.5 M NaCl, was concentrated, fractionated on Sephadex G-75 in buffer F (50 mM acetate, pH 5.5, containing 0.1 M PROCHECK (Laskowski et al., 1993) , show that all residues in all structures fall into the most favored or additionally favored regions NaCl and 5 mM CaCl 2 ), further eluted from a RESOURCE-Q column (in 50 mM MOPS-NaOH buffer, pH 7.0, containing 1 mM CaCl 2 ) of the Ramachandran plot. The crystal data and the refinement parameters are given in Table 2 . using a 0-0.2 M NaCl linear gradient, and stored with an apparent molecular weight of 64 kDa (see Figure 1 ) at Ϫ30ЊC.
Kinetic parameters were determined at 60ЊC in 0.1 M sodium
